Abstract-Physical and emotional stress is accompanied by release of stress hormones such as the glucocorticoid cortisol. This hormone upregulates the serum-and glucocorticoid-inducible kinase (SGK)1, which in turn stimulates I Ks , a slow delayed rectifier potassium current that mediates cardiac action potential repolarization. Mutations in I Ks channel ␣ (KCNQ1, KvLQT1, Kv7.1) or ␤ (KCNE1, IsK, minK) subunits cause long QT syndrome (LQTS), an inherited cardiac arrhythmia associated with increased risk of sudden death. Together with the GTPases RAB5 and RAB11, SGK1 facilitates membrane recycling of KCNQ1 channels. Here, we show altered SGK1-dependent regulation of LQTS-associated mutant I Ks channels. Whereas some mutant KCNQ1 channels had reduced basal activity but were still activated by SGK1, currents mediated by KCNQ1(Y111C) or KCNQ1(L114P) were paradoxically reduced by SGK1. Heteromeric channels coassembled of wild-type KCNQ1 and the LQTS-associated KCNE1(D76N) mutant were similarly downregulated by SGK1 because of a disrupted RAB11-dependent recycling. Mutagenesis experiments indicate that stimulation of I Ks channels by SGK1 depends on residues H73, N75, D76, and P77 in KCNE1. Identification of the I Ks recycling pathway and its modulation by stress-stimulated SGK1 provides novel mechanistic insight into potentially fatal cardiac arrhythmias triggered by physical or psychological stress.
P hysical and emotional stress may trigger cardiac arrhythmia and sudden death in susceptible individuals. [1] [2] [3] [4] The stress reaction involves the release of stress hormones such as the glucocorticoid cortisol via the hypothalamic-pituitaryadrenal axis. 5 Cortisol regulates the expression of several genes, including the serum-and glucocorticoid-inducible kinase (SGK)1 6, 7 that is abundant in cardiac tissue. 8 According to in vitro experiments SGK1 stimulates a slow delayed rectifier K ϩ current (I Ks ) 9 that mediates cardiac repolarization. I Ks is conducted by channels composed of KCNQ1 ␣ subunits and KCNE1 ␤ subunits. 10, 11 SGK1 phosphorylates and thereby activates phosphoinositide 3-phosphate 5-kinase (PIKfyve), which generates PI(3,5)P 2 , which in turn enhances RAB11-dependent insertion of KCNQ1/KCNE1 (Q1/E1) channels into the plasma membrane. 12 Accordingly, gainof-function mutations of the genes encoding either SGK1 or Q1/E1 are associated with shortening of the QT interval, an electrocardiographic measure of ventricular repolarization time, [13] [14] [15] whereas loss-of-function mutations lead to prolongation of the QT interval, causing long QT syndrome (LQTS). Here, we study the ability of SGK1 to recover loss-of-function LQTS mutant channels and determine the molecular requirements of SGK1 sensitivity. Stress-dependent stimulation of SGK1-mediated channel regulation might be of particular clinical importance for patients with KCNQ1 or KCNE1 mutations who are predisposed to potentially fatal cardiac arrhythmias triggered by physical and/or psychological stress. 1, 2 
Materials and Methods

Western Blot, Immunocytochemistry, and Molecular Biology
Western blot of plasma membrane proteins and molecular biology was performed as reported earlier. 12 Cloning of RAB5, RAB7, RAB11, and FLAG-tagged KCNQ1 have been described previously. 16 -19 Further details are available in the online data supplement at http://circres.ahajournals.org.
Electrophysiology
Xenopus laevis oocytes were obtained according to German law as described previously. 12 Ovary lobes were digested with collagenase (type II; Worthington), and stage 5 oocytes were collected and injected with 20 to 60 nL of cRNA. Oocytes were injected with 1 ng or 5 ng of KCNQ1 cRNA alone or with 1 ng KCNQ1 cRNA plus 1 ng of KCNE1 cRNA or 5 ng SGK1, RAB5/7/11 cRNA. Oocytes were stored for 3 to 4 days at 17°C in ND96 solution (in mmol/L: 96 NaCl, 4 KCl, 1.8 MgC1 2 , 1.0 CaC1 2 , 5 HEPES; and 50 mg/L gentamicin; pH 7.6). For voltage-clamp experiments the oocytes were bathed in ND96 solution. A TurboTEC-10 amplifier (npi electronic, Tamm, Germany) was used to record currents at 24°C in oocytes 3 to 4 days after injection with cRNA using standard 2-electrode voltage-clamp techniques. Data acquisition was performed using a Pentium IV computer, a Digidata 1322 A/D interface, and pClamp 8 software (Axon Instruments).
Results
Structural Requirements for the Modulation of I Ks Channels by SGK1
Previous experiments from our laboratory indicated that SGK1 enhances I Ks by increasing the insertion of Q1/E1 channels into the plasma membrane. 12 The effect did not require the presence of KCNE1 ␤ subunits (Figure 1a) . By contrast, deletion of the N-terminal residues 1 to 81 in KCNQ1 (resulting in KCNQ1 ⌬N-term ) completely abolished the stimulation by SGK1 (Figure 1b) . To determine whether a specific region of KCNE1 modulates SGK1-sensitive recycling, we deleted its intracellular C terminus. Deletion of the C-terminal residues 73 to 129 within KCNE1 (resulting in KCNE1 ⌬C-term ) abolished the stimulation of I Ks by SGK1 (Figure 1b) . Thus, the enhanced plasma membrane insertion of Q1/E1 channels depends on the presence of both the KCNQ1 N terminus and the KCNE1 C terminus. Further truncations identified the 7-aa stretch from residues 73 to 79 of KCNE1 as important for SGK1-dependent regulation of Q1/E1 channels (Figure 1c ). Cysteine-scanning mutagenesis of this region identified residues crucial for SGK1 activation. When H73, N75, or D76 were mutated to Cys, coexpression of SGK1 had no effect or even reduced the current. By contrast, the P77C mutation facilitated the SGK1-mediated stimulation of I Ks (Figure 1c ). These results demonstrate the importance of the C-terminal HxNDP-containing region of KCNE1 for targeted Q1/E1 vesicular transport to the plasma membrane.
LQTS-Associated Mutations in KCNQ1 or KCNE1 Can Disrupt SGK1-Dependent Modulation of I Ks
Next, we characterized the mechanism of SGK1-dependent modulation of several LQTS-associated mutant I Ks channels. Two common LQTS-associated missense mutations in KCNE1 are located within the 73 to 79 region, namely S74L and D76N. 20 To characterize the mechanism of SGK1-dependent modulation of these LQTS-associated mutant I Ks channels we studied heteromeric channels coassembled of KCNQ1 and KCNE1(S74L) (Q1/S74L) or KCNE1(D76N) (Q1/D76N) subunits. Q1/S74L channels were activated by SGK1 ( Figure 5 ), whereas currents mediated by Q1/D76N channels were reduced by SGK1 (Figure 2a) . Changes in plasma membrane-associated KCNQ1 protein suggested that this functional reduction in mutant I Ks was caused by a trafficking defect. SGK1 increased wild-type Q1/E1 but not Q1/D76N channel abundance in the plasma membrane, as assayed by Western blot and chemiluminescence analysis of surface protein (Figure 2b and 2c) . 12 Furthermore, a chemiluminescence assay of oocytes injected with cRNAs encoding Myc-tagged KCNQ1 and KCNE1(D76N) showed that constitutively active SGK1(S422D) but not ) and deletion of KCNE1 residues 73 to 129 (KCNE1
⌬C-term
) render I Ks channels insensitive to SGK1 (nϭ8 to 18). To determine the potentiation by SGK1, current amplitudes in the presence and absence of SGK1 were analyzed at the end of 7-second pulses to 60 mV and the ratio was calculated. Drawings indicate structure of channel subunits expressed. c, Deletion of residues 73 to 79 but not of residues 80 to 129 of KCNE1 abolishes stimulation by SGK1 at 60 mV. The residues 73 to 80 were individually mutated to Cys, and the resulting mutant channels were tested for stimulation by SGK1 as described in b. A unique motif (HxNDP) was required for the SGK1 effects (nϭ7 to 15). The KCNE1 constructs are illustrated on the left, and the numbers indicate deleted residues or the position of individual Cys substitutions. d, KCNQ1 and KCNE1 may interact at different sites with each other, and correct interaction at these sites is a prerequisite for stimulation by SGK1. Another requirement for this stimulation is intact Ser27, a target of PKA phosphorylation (supplemental Figure I ). Binding of ␤-tubulin to the KCNQ1 N terminus (possibly influenced by Ser27 and allowed by correct KCNQ1-KCNE1 interaction) may be a molecular linker to the cytoskeleton and may allow specific and efficient sorting of KCNQ1 proteins into early endosomes.
inactive SGK1(K127N) decreased KCNQ1 protein in the plasma membrane (Figure 2c ). In COS-7 cells cotransfected with Q1/D76N and SGK1(S422D), no increase in plasma membrane immunofluorescent staining of KCNQ1 was observed (Figure 2d ). By contrast, we previously reported that constitutively active RAB11 increased plasma membrane abundance of heterologously expressed wild-type KCNQ1 protein in COS-7 cells. 12 The small G proteins RAB5 and RAB11 are expressed in cardiac tissue and oocytes, where they constitute central components of recycling specificity and efficiency for vesicles containing wild-type I Ks channels. 12, 20 RAB5 has been implicated in the regulation of early steps in the endocytic pathway, whereas RAB11 is localized at the trans-Golgi network, post-Golgi vesicles, and the recycling endosome. 21 Hydrolysis of GTP activates RAB-dependent vesicle trafficking. 16, [22] [23] [24] [25] [26] The I Ks recycling pathway can be assayed by injecting GTP into oocytes where RAB-dependent pathways are functionally impaired by overexpression of mutant forms of RAB5 and RAB11. 12 Here, we used a similar approach to assay for the recycling pathway of mutant I Ks channels. Oocytes expressing Q1/D76N channels were microinjected with GTP during voltage clamp, and ionic currents were recorded. Q1/D76N-mediated currents were increased by GTP when channels were coexpressed with dominantnegative RAB11(S25N) or the switch2 domain mutant RAB11(T77A). 27 However, no change in Q1/D76N-mediated currents was noted when channels were coexpressed with GTP-insensitive RAB5(N133I) alone or in combination with either of the RAB11 mutants (Figure 3a) . Wild-type I Ks channels colocalize with RAB11 12 ; however, using green fluorescent protein (GFP)-tagged KCNQ1 and DsRed-tagged RAB11 constructs, we observed no colocalization of RAB11 with Q1/D76N channels in COS-7 cells (Figure 3c ). Taken . SGK1 decreases Q1/D76N current density by reducing plasma membrane abundance of the channels. a, KCNQ1 was coexpressed with KCNE1 carrying the LQTSassociated mutation D76N, which is localized in the region important for SGK1 effects. Coexpression of the mutant channels with SGK1 resulted in decreased currents. Channels were activated by 7-second pulses to varying potentials (Ϫ80 to 60 mV in 20 mV steps; nϭ17 to 20; horizontal scale bar, 1 second; vertical scale bar, 3 A). b, Biotinylation Western blot revealed an increase of plasma membrane KCNQ1 protein by SGK1 for wild-type Q1/E1 and a decrease for Q1/D76N. Four Western blots were densitometrically analyzed using Scion image software. c, Chemiluminescence assay of KCNQ1 (Myc-tagged between S1 and S2) coexpressed with wild-type KCNE1 (E1) or KCNE1(D76N) (D76N) in the absence or presence of constitutively active SGK1(SD) or inactive SGK1(KN) mutant kinases. Data for wildtype KCNE1 are depicted in black; data for KCNE1(D76N) are in gray. d, KCNQ1(FLAG)/D76N was coexpressed with a GFPtagged constitutively active mutant SGK1(S422D) in COS-7 cells (SGK1-expressing cells are green). KCNQ1(FLAG) was probed by immunostaining with an anti-FLAG antibody (red). Visual observation and 2D pixelintensity analysis using ImageJ software suggest that the SGK1(S422D) mutant does not markedly increase plasma membrane expression of KCNQ1(FLAG)/D76N channels (position and direction of analyzed areas are indicated by yellow arrows). The lower graph shows control data from KCNQ1(FLAG)/KCNE1(wt) channels (replotted from our previous study 12 ). Here, the increased fluorescence in the plasma membrane can be observed. Error bars indicate ϮSEM. *Significant differences (PϽ0.05).
together, these results indicate that Q1/D76N channels are endocytosed by RAB5 and reinserted into the plasma membrane by a RAB11-independent mechanism.
RAB7 is a protein that has been implicated in the regulation of late endosomal steps in the endocytic and lysosomal pathways. 21 To understand where Q1/D76N channels accumulate in the cell, we coexpressed mutant channels with RAB7 and the dominant-negative RAB7 mutant T22N. RAB7(T22N) increased only Q1/D76N-mediated currents but not wild-type I Ks (Figure 4a ). According to chemiluminescence, coexpression of Q1/D76N channels with RAB7(T22N) increased the amount of Q1/D76N plasma membrane protein (Figure 4b) . Cotransfection of wild-type and mutant Q1/E1 channels with RAB7(T22N) in COS-7 cells showed that Q1/D76N but not wild-type channels colocalize with RAB7-positive late endosomal vesicles (Figure 4c) . These data suggest a close relationship of RAB7 with Q1/D76N but not wild-type channels.
To determine whether SGK1 modulates channels harboring a LQTS-associated mutation, we examined 8 previously characterized KCNQ1 mutants and the S74L mutant of KCNE1. Six of the 9 mutant channels were stimulated by coexpression with SGK1 ( Figure 5 ). By contrast, Q1(P117L)/E1 channels were insensitive, and Q1(Y111C)/ E1-and Q1(L114P)/E1-mediated currents were reduced by SGK1. These mutations were recently reported to disrupt normal trafficking. 28 Interestingly, Q1(L114P) expressed without E1 was downregulated on SGK1 coexpression as well, suggesting that E1 is not required for the inversed SGK1 sensitivity ( Figure I in the online data supplement) . Like Q1/E1(D76N) channels, Q1(L114P)/E1 channels were modulated by RAB7(T22N) (Figure 4 and supplemental Figure II) and were mistargeted in transfected cardiomyocytes (supplemental Figure III) . 28 Furthermore, Q1(Y111C)/E1 and Q1(L114P)/E1 channels colocalized with RAB7 but not with RAB7(T22N) in COS7 cells (supplemental Figure IV) . Similar to KCNE1, the KCNQ1 residues required for activation by SGK1 are located in an N-terminal juxtamembranous region. 28 This raises the possibility that these regions of KCNQ1 and KCNE1 interact to promote trafficking of the heteromeric channel complex ( Figure 5 , inset).
Discussion
In a previous study, we showed that SGK1 enhances the insertion of Q1/E1 channels into the plasma membrane. 12 However, structural prerequisites have not been studied until now. The N terminus of KCNQ1 contains the important trafficking motif LEL and a critical tyrosine residue (Tyr51), both of which are required for Q1/E1 channel trafficking to basolateral membranes in MDCK cells. 29 The LEL motif, as well as Tyr51, might be involved in the RAB5/11-dependent and SGK1-sensitive targeted recycling of I Ks channels. 12 Furthermore, the N terminus of KCNQ1 contains a PXXP sequence that may facilitate interactions with SH3 domains. Recently, direct interaction of the N terminus of KCNQ1 with ␤-tubulin in transfected COS-7 cells and in guinea pig cardiomyocytes was reported. 30 Both the interaction with ␤-tubulin and the phosphorylation of Ser27 in KCNQ1 are prerequisites for protein kinase (PK)A-mediated activation of the channels. 30, 31 Interestingly, mutation of Ser27 or deletion of the N-terminal residues 1 to 81 in KCNQ1 (resulting in KCNQ1 ⌬N-term ) disrupt its stimulation by SGK1 (Figure 1b and supplemental Figure V) . These data raise the possibility that stimulations by SGK1 or PKA require both the integrity of a macromolecular complex and an intact interaction with the cytoskeleton. 12, 30, 31 Misfolding of the ␤ subunit KCNE1 as a result of deletion of the intracellular domain or of specific single amino acid substitutions might disturb the integrity of a macromolecular complex and/or cytoskeleton-KCNQ1 interactions, disrupting correct intracellular sorting to vesicles that are subject to SGK1-stimulated exocytosis. However, stimulation by SGK1 involves increased trafficking to the plasma membrane, whereas PKA-mediated stimulation of KCNQ1 seems not to be related to trafficking events. 12, 30 Here, we show that stimulation by SGK1 does not require the presence of KCNE1 ␤ subunits (Figure 1a) . However, when KCNE1 is present, a short stretch (73 to 79 region) within the KCNE1 intracellular C terminus is required for stimulation by SGK1 (Figure 1b and 1c) . Within this region, we identi- fied 4 residues (H73, N75, D76, and P77) that are critical for the normal effect of SGK1 on Q1/E1 channels (Figure 1c) . These results indicate that the C-terminal juxtamembranous HxNDP-containing region of KCNE1 is important for targeted Q1/E1 vesicular transport to the plasma membrane. The intact intracellular KCNE1 C terminus was shown to interact with the sarcomeric protein T-cap, suggesting a T-tubulemyofibril linking system. 32 Thus, Q1/E1 channel complexes contain several molecular components allowing for physical linkage to cytoskeletal compartments, which may allow specific and efficient trafficking along the cytoskeleton (Figure 1d) .
Two common LQTS-associated missense mutations in KCNE1 are located within the 73 to 79 region, namely S74L and D76N. 33 Q1/S74L channels were activated by SGK1 ( Figure 5 ), whereas Q1/D76N-mediated currents were reduced by active SGK1 (Figure 2a) possibly as a result of reduced plasma membrane-associated KCNQ1 protein as demonstrated by Western blot and chemiluminescence analysis of surface protein (Figure 2b and 2c) . 12 By analysis of 9 previously characterized LQT1 mutants, we identified 6 mutant channels that were stimulated by coexpression with SGK1 ( Figure 5 ). By contrast, 3 mutant channels were either insensitive or inhibited by SGK1. These 3 mutations (P117L, Y111C, and L114P in KCNQ1) were recently reported to disrupt normal trafficking. 28 We previously reported that constitutively active SGK1 increased plasma membrane abundance of heterologously expressed wild-type KCNQ1 protein in COS-7 cells. 12 This effect is absent in COS-7 cells cotransfected with Q1/D76N and constitutively active SGK1(S422D) ( Figure  2d) . Thus, the SGK1-stimulated plasma membrane insertion of Q1/E1 is disrupted in several LQT1 mutant channels and 1 LQT5 mutant Q1/E1 channel. Similar to KCNE1, the KCNQ1 residues required for activation by SGK1 are located in an N-terminal juxtamembranous region. 28 This raises the possibility that these regions of KCNQ1 and KCNE1 interact to promote trafficking of the heteromeric channel complex ( Figure 5, inset) .
RAB5 has been implicated in the regulation of early steps in the endocytic pathway, whereas RAB11 is localized at the trans-Golgi network, post-Golgi vesicles, and the recycling endosome. 21 The D76N mutation in KCNE1 uncouples I Ks channels from normal RAB11-dependent endosome recycling to the plasma membrane and induces a distinct, RAB11-independent recycling pathway (Figure 3a) . On the contrary, wild-type I Ks channels colocalize with RAB11. 12 Taken together, these results indicate that Q1/D76N channels are endocytosed by RAB5 and reinserted into the plasma membrane by a RAB11-independent mechanism. The lack of acute functional effects of RAB11(S25N) or RAB11(T77A) (Figure 3a ) and the lack of colocalization with RAB11 (Figure 3b ) suggest that RAB11-dependent vesicle recycling to the plasma membrane might be disrupted in Q1/D76N channels. Consequently, Q1/D76N channels may escape RAB11-dependent recycling, and formation of storage vesicles (as was observed for wild-type I Ks channels) may be compromised.
RAB7 is a protein implicated in the regulation of late endosomal steps in the endocytic and lysosomal pathways. 21 Figure 4 . RAB7 modulates current density and plasma membrane abundance of Q1/E1(D76N) channels. a, Q1/E1 and Q1/D76N were expressed in oocytes in the absence or presence of either wild-type RAB7 or the dominant-negative mutant RAB7(T22N). Q1/E1 currents and Q1/D76N currents were analyzed at the end of a 7-second pulse to 60 mV and normalized to the Q1/E1 current and Q1/D76N current, respectively (nϭ12 to 47). Data are represented as meansϮSEM. b, Oocytes expressing KCNQ1-Myc/E1 or KCNQ1-Myc/D76N were injected with RAB7 cRNA or RAB7(T22N) cRNA. After 3 days, plasma membrane expression of Myctagged protein was analyzed by a chemiluminescence assay. The results were normalized to the Q1/E1 and Q1/D76N values, respectively. Data are represented as meansϮSEM. c, GFPtagged Q1/E1 and Q1/D76N were coexpressed with DsRedfused RAB7 or RAB7(T22N) in COS-7 cells. Q1/E1 channels were expressed intracellularly and in the plasma membrane and did not colocalize with intracellularly expressed RAB7 or RAB7(T22N). However, GFP-tagged Q1/D76N colocalized to some degree with DsRed-fused RAB7 but not with RAB7(T22N), as suggested by visual observation and 2D pixel-intensity analysis using ImageJ software. The position and direction of analyzed areas are indicated by yellow arrows, results of GFP-Q1/E1 and GFP-Q1/D76N scans are represented as green curves, and results of DsRed-RAB7 and DsRed-RAB7(T22N) scans as red curves. Interestingly, colocalization was mostly detected in intracellular compartments. Error bars indicate ϮSEM, and significant differences (PϽ0.05) are marked by an asterisk (*).
The dominant-negative RAB7 mutant T22N increased only Q1/D76N-mediated currents but not wild-type I Ks (Figure 4a ) by increasing the amount of Q1/D76N plasma membrane protein (Figure 4b ). Like Q1/E1(D76N) channels, Q1(L114P)/E1 channels were modulated by RAB7(T22N) (Figure 4 and supplemental Figure II) . Furthermore, cotransfection of wild-type and mutant Q1/E1 channels with RAB7(T22N) in COS-7 cells showed that Q1/D76N but not wild-type channels colocalize with RAB7-positive late endosomal vesicles (Figure 4c ). Furthermore, Q1(Y111C)/E1 and Q1(L114P)/E1 channels colocalize with RAB7 but not with RAB7(T22N) in COS7 cells (supplemental Figure IV) . Three findings suggest that the disease-associated mutant channels may be stored in late endosomes and possibly the endoplasmic reticulum (ER): (1) Q1/D76N channels do not colocalize with RAB11 and can be trafficked back to the plasma membrane by a GTP-dependent but RAB11-independent process ( Figure 3a and 3c) ; (2) Q1/D76N channels [and Q1(Y111C)/E1 and Q1(L114P)/E1 channels] colocalize in an intracellular compartment with RAB7 and are modulated by RAB7(T22N) ( Figure 4) ; and (3) SGK1 treatment does not result in additional fractional bands in Western blots, indicating that Q1/D76N channels are not trafficked to lysosomes and digested by enzymes.
SGK1-mediated phosphorylation of PIKfyve and subsequent PI(3,5)P 2 production act to regulate channel activity via RAB11-dependent vesicle exocytosis ( Figure 6 ). Taken together, our findings suggest that Q1/D76N, Q1(Y111C)/E1, and Q1(L114P)/E1 channels are trafficked forward to RAB7-dependent late endosomal vesicles and/or the endoplasmic reticulum. Indeed, Q1(Y111C)/E1 and Q1(L114P)/E1 were reported to be enriched in the ER. 28 The localization of KCNE1(D76N) seems to be altered in stem cell-derived ventricular myocytes as well (supplemental Figure V ). An altered localization of Q1(Y111C)/E1, Q1(L114P)/E1, and Q1(P117L)/E1 channels has been reported for cardiac myocytes. 28 Stimulation of RAB11-dependent exocytosis will result in increased endocytosis of plasma membrane containing mutant Q1/E1 channels, reducing channel density in the plasma membrane and thereby current amplitudes ( Figure 6 ). Mutant channels stored in late endosomes, ER, and possibly Golgi apparatus can potentially be trafficked to the plasma membrane, and stimulation of this ER export forward trafficking by GTP would explain the RAB11-independent stimulation of Q1/D76N-mediated currents (Figure 3a) .
The present findings bear potential clinical significance. Carriers of the E1(D76N), Q1(Y111C), or Q1(L114P) mutations may benefit from avoidance of situations (eg, sustained stress, dexamethasone treatment, and excessive blood insulin levels) that might stimulate SGK1 and lead to an even greater decrease in I Ks and prolongation of QT intervals.
In summary, our studies demonstrate a link between altered vesicle recycling of disease-associated mutant I Ks channels and the stress-dependent kinase SGK1.
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